. Identification of novel transcriptional networks in response to treatment with the anticarcinogen 3H-1,2-dithiole-3-thione. Physiol Genomics 24: 144 -153, 2006. First published November 29, 2005 doi:10.1152/physiolgenomics.00258.2005.-3H-1,2-dithiole-3-thione (D3T), an inducer of antioxidant and phase 2 genes, is known to enhance the detoxification of environmental carcinogens, prevent neoplasia, and elicit other protective effects. However, a comprehensive view of the regulatory pathways induced by this compound has not yet been elaborated. Fischer F344 rats were gavaged daily for 5 days with vehicle or D3T (0.3 mmol/kg). The global changes of gene expression in liver were measured with Affymetrix RG-U34A chips. With the use of functional class scoring, a semi-supervised method exploring both the expression pattern and the functional annotation of the genes, the Gene Ontology classes were ranked according to the significance of the impact of D3T treatment. Two unexpected functional classes were identified for the D3T treatment, cytosolic ribosome constituents with 90% of those genes increased, and cholesterol biosynthesis with 91% of the genes repressed. In another novel approach, the differentially expressed genes were evaluated by the Ingenuity computational pathway analysis tool to identify specific regulatory networks and canonical pathways responsive to D3T treatment. In addition to the known glutathione metabolism pathway (P ϭ 0.0011), several other significant pathways were also revealed, including antigen presentation (P ϭ 0.000476), androgen/estrogen biosynthesis (P ϭ 0.000551), fatty acid (P ϭ 0.000216), and tryptophan metabolism (P ϭ 0.000331) pathways. These findings showed a profound impact of D3T on lipid metabolism and anti-inflammatory/ immune-suppressive response, indicating a broader cytoprotective effect of this compound than previously expected. functional cluster scoring; Gene Ontology; Ingenuity Pathways Knowledge Database; canonical pathway; Nrf2 DITHIOLETHIONES ARE A CLASS of effective cancer chemopreventive agents (33), of which the unsubstituted parent compound, 3H-1,2-dithiole-3-thione (D3T), is the most potent. This agent blocks carcinogenesis through induction of phase 2 enzymes that enhance the detoxification of xenobiotic compounds and thereby protect against mutation and initiation of neoplasia (22, 26) . However, the benefits of inducing a broad adaptive response are not limited to cancer chemoprevention. Because oxidative and electrophilic stress has been implicated in numerous pathophysiological conditions including cancer, inflammation, cardiovascular diseases and aging, agents that enhance cellular antioxidative capacity may exert profound cytoprotective effects (16). Understanding the molecular pathways affected by inducers of phase 2 and antioxidative enzymes is of crucial importance for developing better prophylactic strategies for disease prevention. Toward this goal, a comprehensive view of both beneficial and toxic effects elicited by D3T is required. However, it is difficult to concurrently characterize the multiple molecular mechanisms of biological response with traditional methods.
DITHIOLETHIONES ARE A CLASS of effective cancer chemopreventive agents (33) , of which the unsubstituted parent compound, 3H-1,2-dithiole-3-thione (D3T), is the most potent. This agent blocks carcinogenesis through induction of phase 2 enzymes that enhance the detoxification of xenobiotic compounds and thereby protect against mutation and initiation of neoplasia (22, 26) . However, the benefits of inducing a broad adaptive response are not limited to cancer chemoprevention. Because oxidative and electrophilic stress has been implicated in numerous pathophysiological conditions including cancer, inflammation, cardiovascular diseases and aging, agents that enhance cellular antioxidative capacity may exert profound cytoprotective effects (16) . Understanding the molecular pathways affected by inducers of phase 2 and antioxidative enzymes is of crucial importance for developing better prophylactic strategies for disease prevention. Toward this goal, a comprehensive view of both beneficial and toxic effects elicited by D3T is required. However, it is difficult to concurrently characterize the multiple molecular mechanisms of biological response with traditional methods.
Microarray simultaneously monitors the expression of a large number of genes covering various biological machineries. With progress in systems biology, numerous knowledge databases have been developed to host the constellation of genes, their functions, and relationships. The global influence of molecular events can be illustrated by combining the gene expression profiles detected by microarray and the gene functional profiles annotated by such knowledge databases. Previous microarray studies performed using either D3T-treated rats or mice deficient in the transcription factor Nrf2, a target of D3T (41) , have produced lists of differentially expressed genes (28, 44) but have failed to establish how these genes may form regulatory networks. A systematic examination of D3T-mediated functions and pathways with statistical analysis has not yet been available. Moreover, these studies have ignored the genes that do not pass the randomly or empirically determined criteria for gene selection.
In the present study, we have coupled novel approaches to identify functions and pathways regulated by D3T, focusing not only on the genes selected by strict criteria but also on all of the genes that are expressed in liver. The functional profiles of all expressed genes were ranked according to the response to D3T treatment using a Gene Ontology (GO) clustering tool, functional class scoring (FCS) (37) . We also adopted a computational tool, Ingenuity pathway analysis, to identify regulatory networks of differentially expressed genes and the corresponding canonical pathways that govern the response to D3T treatment. A significance P value was calculated for each function and pathway. Interestingly, the functional profiles detected by FCS using all expressed genes and the canonical pathways revealed by Ingenuity pathway analysis using differentially expressed genes both demonstrate that the known D3T-mediated functions (e.g., transferase and oxidoreductase activities) and pathways (e.g., glutathione metabolism) are significantly regulated by D3T (low P value). These known D3T-mediated functions served as benchmarks to assess the relative significance of other functions and pathways. The FCS and Ingenuity pathway analysis also uncovered unique novel functional classes, gene networks, and pathways that have not been previously related to D3T, indicating that these two approaches can complement one another in the exploration of Article published online before print. See web site for date of publication (http://physiolgenomics.physiology.org).
the functional profile of microarray data. Additional experiments can be proposed based on the new findings to investigate the broad protective and potential toxic effects of D3T and related compounds.
MATERIALS AND METHODS
Animal treatment and microarray analysis. Male Fischer F344 rats were obtained from Harlan at 6 wk of age. General procedures for animal care and housing were in accordance with the Guide for the Care and Use of Laboratory Animals, National Research Council, 1996. The animals were singly housed in polycarbonate cages in a temperature (22 Ϯ 1°C)-and humidity (30 -70%)-controlled room with a 14:10-h light-dark cycle, respectively. Rat AIN 76A chow (Harlan Teklad) and tap water were provided ad libitum. Eight animals were randomly assigned into two groups (n ϭ 4) and treated by gavage with 100 l of either vehicle (saturated sucrose) or D3T (0.3 mmol/kg body wt) once every other day for 5 days. Animals were killed 24 h after the third dose. Liver tissues were harvested and snap frozen. The protocol for this study was approved by the University of Memphis Animal Care Committee.
Total RNA was isolated from the frozen tissue using Stat-60 (Tel-Test). The mRNA levels were measured using Affymetrix RG-U34A chips (containing 8,799 probe sets) according to standard GeneChip Expression assay protocol. After hybridization, the chips were scanned using a GeneChip Scanner. The eight chips were normalized by Affymetrix GeneChip Operating Softwear (GCOS) v1.2 to determine the probe set intensities and "Present" (P) or "Absent" (A) calls. The microarray data have been submitted to the National Center for Biotechnology Information (NCBI)'s Gene Expression Omnibus repository (series accession no. GSE3173; or sample IDs GSM71311, GSM71368 -GSM71374).
RT-PCR analysis of gene expression. The D3T-regulated genes selected by microarray were further validated by quantitative, realtime, two-step RT-PCR (qPCR) to evaluate potential false positives. qPCR was performed with SYBR Green PCR kit (Bio-Rad). The amplification curve was generated using iCycler iQ Real-Time Detection system (Bio-Rad). Primers were designed by use of DNAS-TAR (DNASTAR). Fold changes of expressions relative to vehicle control animals were determined after normalization to the ␤-actin gene. Amplification specificity was confirmed by melting-curve analysis. The gene symbols and sequence of forward (F) and reverse (R) primers are as follows: ␤-actin, F-TCACCCACACTGTGCCCATC-TATGA/R-GAGGAAGAGGATGCGGCAGTGG; Afar, F-CGCAG-CGGCTGCAAAGTAAA/R-AGTGCCGTGGTCTGGAAAGTGTAA; Hmgcs1, F-AGGTGCCCGTGACTGCTGCTC/R-AGTGCCCTGC-CCATCCCTCCTA; Pcsk9, F-TTAGTCTTCGCCCAGAGCAT/R-CTCCTCAGGCACACTGTTGA; Insig1, F-TACTGACCAGCCC-AGGACAACACAA/R-AACGCGAAATGAATGCCTGCTGAG.
FCS analysis. FCS analysis was performed with the software downloaded from http://www.geneontology.org/GO.tools.microarray.shtml# ermine and implemented in a JAVA environment. In FCS analysis, all of the expressed genes in a particular GO class were examined (37) . The expressed genes were present (determined by "P calls" with Affymetrix GCOS v1.2 analysis) in at least three of the four chips of either vehicle control or D3T group. The intensities of the expressed genes were analyzed by unpaired t-test to determine the significance of change. The false discovery rate (FDR) was controlled by Benjamini-Hochberg procedure (43) using GeneSpring v7.0 (Agilent Technologies). The adjusted P values (called q-values) of all the expressed genes were used in the FCS analysis (38) . For repeated occurrence of a gene (a gene was represented by 2 or more probe sets in the chips), only the best (minimum) q-value was used.
GO classes of the three ontologies (biological process, molecular function, and cellular component) were scrutinized equally (18) . To reduce bias, GO classes with fewer than 8 or more than 200 genes were not included (14) . Two GO terms were considered related if they were in parent-child relationships or contained large portions of identical genes. The significance of each GO class was determined by its P value.
Hierarchical clustering. Expression values of genes in GO classes exhibiting significance were processed by dChip software (http:// www.dchip.org/) for hierarchical clustering analysis. The default parameter of dChip was used in the clustering algorithm (30) .
Biological network and pathway analysis. For Ingenuity network and pathway analysis, the moderately changed or unregulated genes play an equal role with the highly significantly regulated genes in constructing gene networks and thus result in irrelevant networks. Therefore, a data set containing only the identifiers of the significantly up-or downregulated genes with their corresponding fold changes was uploaded as a tab-delimited text file into the Ingenuity software (http://www.ingenuity.com). Stringent criteria combining P calls (present in at least 3 of the 4 chips in either vehicle control or D3T group), fold changes (Ն1.7-fold change), and unpaired t-test followed by Benjamini-Hochberg procedure controlling FDR (q Յ 0.05) were used to select the differentially expressed genes.
This web-delivered application makes use of the Ingenuity Pathways Knowledge Base (IPKB) containing large amounts of individually modeled relationships between gene objects (e.g., genes, mRNAs, and proteins) to dynamically generate significant biological networks and pathways. The submitted genes that are mapped to the corresponding gene objects in the IPKB are called "focus genes." The focus genes are used as the starting point for generating biological networks. To start building networks, Ingenuity software queries the IPKB for interactions between focus genes and all the other genes stored in the IPKB and generates a set of networks with a maximum network size of 35 genes. A P value for each network and canonical pathway is calculated according to the fit of the user's set of significant genes. This is done by comparing the number of focus genes that participate in a given network or pathway, relative to the total number of occurrences of those genes in all networks or pathways stored in the IPKB. The score of network is displayed as the negative log of the P value, indicating the likelihood of the focus genes in a network being found together due to random chance. Therefore, scores of 2 have at least 99% confidence of not being generated by chance alone. In the current study, a score of 12 or higher was used to select highly significant biological networks regulated by D3T.
RESULTS AND DISCUSSION
Microarray data processing and validation. All rats remained in good health and without difference in chow consumption throughout the experimental period. No difference in body weight gain of D3T and control groups was observed. No gross or microscopic changes in liver were observed. The levels of serum alanine aminotransferase and aspartate aminotransferase activity did not differ significantly between the two groups (Karuri A, Huang Y, and Sutter TR, unpublished results).
We performed microarray analysis to identify transcriptional networks and pathways regulated by D3T. The ".cel" files of the eight Affymetrix RG-U34A chips were analyzed in Affymetrix GCOS v1.2 to determine the intensities and "P" or "A" calls of each probe set. The probe sets not present in at least 3 of the 4 chips in either vehicle control or D3T group were considered as meaningless and therefore were eliminated to reduce data complexity. The remaining 3,153 probe sets represented the expressed genes in the liver of either vehicleor D3T-treated rats. The FDR q-values of these 3,153 probe sets were used in FCS analysis. A list of 292 probe sets was generated using the combined criteria of fold change Ͼ1.7 and q Ͻ0.05 in expressed genes. On the basis of the annotation in NCBI's Unigene and Gene database, the 292 probe sets rep-resented 248 unique genes, including 67 upregulated genes and 181 downregulated genes (Supplemental Table S1 , A and B; Supplemental Material is available at the Physiological Genomics web site). 1 These results are consistent with the findings of Kwak et al. (27) that fewer gene transcripts remain elevated after feeding of a D3T-containing diet for several days compared with the number of transcripts elevated by a single oral dose.
In the current study, we adopted very strict criteria to select the D3T-regulated genes by combining P calls of probe sets, fold changes, and FDR q-values. Although false positives might still be unavoidable, at least three lines of evidence support the general validity of our microarray data. First, the previously reported Nrf2-regulated genes, such as glutathione-S-transferase-␣ type 2, NAD(P)H:quinone oxidoreductase 1, and UDP-glucose dehydrogenase (3), were also induced in our D3T-treated animals 117.2-, 3.5-, and 2.0-fold, respectively. Second, we evaluated the internal consistency of our microarray data using the data of differentially expressed genes represented by two different (duplicate) probe sets on the chip. In the 248 differentially expressed genes, there were a total of 25 genes represented by duplicate probe sets. As shown in Fig.  1A , all the duplicate probe sets displayed consistent direction of alteration with similar extent of fold change, indicating very high confidence of our gene selection strategy. Third, the qPCR confirmed not only a strongly induced gene, Afar (23) , but also the moderately repressed genes Hmgcs1, Pcsk9, and Insig1 (Fig. 1B) . The fold changes of these four genes detected by qPCR were consistent with but slightly larger than that detected by microarray. This might be due to the higher sensitivity of qPCR compared with microarray.
FCS analysis ranked the GO classes based on their response to D3T treatment. By microarray analysis, thousands of genes were analyzed simultaneously. This identifies not only individual genes whose expression levels are altered by the experimental condition but also reveals the functional and regulatory relationship of these genes. By combining the expression values and functional annotations of all expressed genes, we can identify the most interesting functional categories of genes and thus uncover the major effects of the treatment. This goal can be achieved with a semi-supervised method called FCS, by ranking the GO classes based on their P values (37) . The P value of each GO class was calculated from the FDR q-values of individual genes in that GO class. All of the 3,153 expressed probe sets with their q-values and functional annotations (GOs) were analyzed simultaneously by FCS. This allows genes that might not have been selected as differentially expressed genes to still have a positive impact on the GO class and thus preserves information contained in the genewise scores (qvalues). The top 18 significant GO classes influenced by treatment were ranked according to the P value of each GO class (Table  1) . However, many GO classes are overlapping or redundant. First, in the GO database, there are three GO categories (biological process, molecular function, and cellular component) describing different aspects of a gene product (18) . Therefore, many GO classes in different categories overlap with each other regarding the gene products they contain. Second, in each GO category, the GO classes are structured in parent-child relationships. One parent GO class may be subdivided into several child GO classes, while one child GO class may inherit from multiple parent GO classes (4) . Therefore, many child GO classes might be identical or largely overlap with their parent classes. The GO classes with large portions of overlapping genes were combined into the same functional class. As listed in Table 2 , three major functional classes were identified from the GO classes with low P values. The largest functional class consisted of the GO classes containing large portions of genes with transferase and oxidoreductive activities, which were the known functions mediated by D3T (3) .
D3T treatment inhibited the hepatic cholesterol synthesis and enhanced the hepatic cytosolic ribosome constituents. The presence of glutathione transferase activity, response to xenobiotic stimuli, and aldehyde metabolism as the top significant GO classes in Table 1 illustrated that FCS analysis correctly identified functional classes that have previously been demonstrated to be modulated by D3T (3, 26) and provided a greater context for screening the impact of D3T treatment on other functional classes. Surprisingly, at least two functional classes, the steroid/cholesterol synthesis (GO: 0016126/GO: 0006695) (P ϭ 0.00075/0.00121) and cytosolic ribosome constituents (GO: 0005830) (P ϭ 0.00222) were also assigned low P values that were comparable with those of transferase activity (GO: 0016758) (P ϭ 0.00081) and oxidoreductase activity (GO: 0016616) (P ϭ 0.00225).
It is important to note that a low P value for a GO class does not imply that all genes in the class are significantly altered. The rationale for including genes displaying subtle alteration in expression levels is based on the concept that such genes may be highly relevant to the biological function of the treatment when viewed in a large context of interacting genes. Because the alterations of most genes in the GO classes of cholesterol biosynthesis and cytosolic ribosome constituents are not significant according to our criteria for differentially expressed genes, we displayed the expression profile instead of fold change of each unique gene across the eight samples using dChip. Strikingly, Ͼ90% (11/12) of the unique genes in the cholesterol biosynthesis class were inhibited (Fig.2, cluster D) , whereas Ͼ90% (56/62) of the genes in the cytosolic ribosome class were enhanced (Supplemental Fig. S1 , cluster U), imply- GO, Gene Ontology; TP, total probe sets in the chip; PP, probe sets present in at least 3 of the 4 chips of either control or 3H-1,2-dithiole-3-thione (D3T) group. *Functional class containing a large portion of genes with transferase and oxidoreductase activity. †Functional class containing genes for sterol/cholesterol biosynthesis. ‡ Functional class containing genes for cytosolic ribosome constituents. ing decreased cholesterol biosynthesis and increased cytosolic ribosome activity under D3T treatment. Moreover, the eight samples were correctly classified into vehicle control group and D3T group based on the expression pattern of all cytosolic ribosome genes (Supplemental Fig. S1 ). This finding indicated that the expression pattern of cytosolic ribosome genes is a transcriptional signature to distinguish the vehicle control and D3T group. Such a sample clustering cannot be performed based on the expression pattern of cholesterol biosynthesis genes due to the limited number of genes (only 12 genes). While these findings are consistent with the previous reports showing that a set of genes for cholesterol/lipid biosynthesis, including sterol regulatory element-binding protein-1 (Srebp1), are inhibited in mouse liver (23) , and some ribosome proteins such as L18a and S16 are induced by D3T treatment in rat liver (40) , none of these earlier studies could establish the relative pathway significance of such an observation.
The microarray and qPCR results demonstrated that three genes (Hmgcs1, Pcsk9, and Insig1) involved in the regulation of cholesterol synthesis and metabolism were also inhibited by D3T treatment (Fig. 1B) . Hmgcs1 (3-hydroxy-3-methylglutaryl-CoA synthase) catalyzes the very early step of cholesterol biosynthesis by condensing acetoacetyl-CoA with another molecule of acetyl-CoA to form hydroxamethylglutaryl-CoA (HMG-CoA). Chemicals inhibiting Hmgcs1 can repress the hepatic sterol synthesis in vivo (36) . Pcsk9 (proportion convertase subtilisin kexin-9) is a member of the subtilisin serine protease family, which has an important role in cholesterol metabolism. Overexpression of Pcsk9 in mice leads to increased total and low-density lipoprotein (LDL) cholesterol levels by decreasing hepatic LDL receptor protein levels (34) . Conversely, inhibitors of Pcsk9 may act synergistically with statins to enhance LDL receptor levels and reduce plasma cholesterol (42) . Insig1 (insulin-induced gene-1), a membrane protein on endoplasmic reticulum, is responsive to insulin level (39) and plays a central role in cholesterol homeostasis. When cellular sterol rises, Insig1 binds to Scap and retains the Scap/Srebp1 complex in endoplasmic reticulum, thus inhibiting cholesterol synthesis (55) . With excess sterol, Insig1 also binds to HMG-CoA reductase, facilitating its ubiquitination and proteasomal degradation (49) . The downregulation of Insig1 upon D3T treatment might be due to reduced hepatocellular sterol/cholesterol level and/or the inhibited insulin signaling pathway. Collectively, the influence of D3T treatment displayed on the regulation of sterol/cholesterol biosynthesis is very intriguing and warrants further study.
Ingenuity pathway analysis validated glutathione metabolism as a significant pathway induced by D3T treatment.
Although identification of a list of individual genes that show expression changes is important, there is an increasing need to move beyond this level of analysis. Instead of simply enumerating a list of genes, we want to know how they interact as parts of complexes, pathways and biological networks. For this purpose, the 248 differentially expressed genes were imported into the Ingenuity pathway analysis software to identify biological networks and pathways. The networks described functional relationships between gene products based on known interactions in the literature. Biological functions were assigned to each gene network, and these networks were then associated with canonical pathways. Nine highly significant networks with score Ն12 were identified from the 248 genes regulated by D3T treatment (Supplemental Table S2 ).
We first asked whether Ingenuity pathway analysis can identify a known pathway induced by D3T treatment. As shown in Fig. 3A , this analysis rapidly validated glutathione metabolism (10) as the major pathway in the first network. All the D3T-regulated genes involved in glutathione metabolism were increased (Fig. 3A) . These included Gsta1 (3.5-fold), Gsta2 (117.2-fold), Gstp1 (30.8-fold), Gstt1 (1.8-fold), G6pd (2.8-fold), and Gclc (2.1-fold). Gclc is the catalytic subunit of glutamate-cysteine ligase. It catalyzes the rate-limiting reaction in glutathione biosynthesis in an Nrf2-dependant manner (54) .
Previous studies have shown that D3T induces carcinogen detoxication and antioxidant genes via an Nrf2-dependent mechanism (41) . In our microarray data analysis, Nrf2 (referred to as NFE2L2 in the 1st network) was not selected as a differentially expressed gene. This is consistent with the finding of Kwak et al. (26) that Nrf2 expression increases at 6 h but returns to normal levels by 24 h after D3T treatment. Other Nrf2-regulated genes involved in glutathione metabolism, including Gsr (glutathione reductase, 2.3-fold) in the fifth and Gstm5 (glutathione-S-transferase M5, 2.6-fold) in the second Fig. 2 . Hierarchical clustering of cholesterol biosynthesis genes. All of the expressed genes of cholesterol biosynthesis (GO: 0006695) in the RG-U34A chip were clustered based on their expression patterns across the 8 samples using dChip software. There were 12 expressed genes belonging to the GO class of cholesterol biosynthesis. More than 91% of them were classified into the downregulated cluster D. GO, Gene Ontology.
network, were also increased by D3T treatment. Moreover, canonical pathway analysis confirmed that the glutathione metabolism was a significant pathway (P ϭ 0.00111) induced by D3T treatment (Table 2) .
Ingenuity analysis revealed lipid and tryptophan metabolism as the most significant pathways influenced by D3T. Because Ingenuity pathway analysis successfully identified the known function of D3T, we further asked whether Ingenuity pathway analysis could reveal novel functions of D3T. As shown in Table 2 , at least four of the nine significant canonical pathways were related to lipid metabolism, including fatty acid metabolism (P ϭ 0.000216), androgen and estrogen metabolism (P ϭ 0.000551), sterol biosynthesis (P ϭ 0.0261), and bile acid biosynthesis (P ϭ 0.0311). The strongest induction was observed in Acaa1 (acetyl-CoA acyltransferase-1, 4.0-fold), the gene encoding the enzyme catalyzing the ␤-oxidation of the fatty acid moiety of acyl-CoA in the peroxisomal ␤-oxidation of fatty acids. The enzyme cleaves long chain fatty acyl-CoA to generate acetyl-CoA and shortened acyl-CoA (47) . In addition, seven cytochrome P450 genes involved in fatty acid metabolism were significantly regulated by D3T. Six of them were downregulated, including Cyp1a2 (Ϫ2.7-fold), Cyp2c40 glutathione metabolism regulated by Nrf2 (the node labeled as NFE2L2) is highlighted in blue. Uncommon gene symbols: Gsta1, glutathione-S-transferase A1; Gstt1, glutathione-S-transferase-1; Gstp1, glutathione-Stransferase-; Gclc, catalytic subunit of glutamate-cysteine ligase; FTL, ferritin. The intensity of node color indicates the degree of up-(red) or downregulation (green). B: explanation of the symbols, the edges, and their labels. The length of an edge reflects the evidence supporting that node-to-node relationship, in that edges supported by more articles from the literature are shorter.
(Ϫ2.4-fold), Cyp3a2 (Ϫ3.2-fold), Cyp3a3 (Ϫ1.7-fold), Cyp3a7 (Ϫ2.0-fold), and Cyp51a1 (Ϫ1.9-fold). The repression of the cytochrome P450 genes, especially Cyp3a, might inhibit ␣-hydroxylation of fatty acids in liver (7). The negative influence on multiple cytochrome P450 genes might also interfere with pharmacokinetics of other drugs undergoing the hepatic metabolism and thus increase their potential toxicities. All the D3T-regulated genes involved in bile acid synthetic pathway were increased (Table 2 ). This outcome might facilitate detoxification by increasing excretion of conjugated metabolites through bile acids. The genes involved in estrogen and androgen biosynthesis, such as Smp2a (rat senescence marker protein 2A), Sult2a2 (sulfotransferase family 2A, member 2), and Nsdhl [NAD(P)-dependent steroid dehydrogenase-like] (50, 8, 31) were inhibited, while five UDP-glucuronosyltransferase genes involved in the clearance of the sex hormone (5) were induced by D3T treatment. Fatty acid metabolism was the most significantly influenced canonical pathway on D3T treatment (with the lowest P value).
The second most significantly influenced canonical pathway influenced by D3T was the tryptophan pathway (P ϭ 0.000331). There are several known tryptophan metabolic pathways, including its degradation to serotonin (32) . While melatonin, a metabolite of serotonin, is known to be effective as a free radical scavenger and may have anticarcinogenic effects, its metabolite 6-hydroxymelatonin may exhibit carcinogenic potential through enhancement of oxidative DNA damage (46) . At least seven cytochrome P450 genes that were involved in the metabolism of melatonin into 6-hydroxymelatonin were regulated by D3T. Six of them, including Cyp1a2 (Ϫ2.7-fold) (15), were significantly inhibited. Tryptophan-tokynurenine transformation is one of the alternative tryptophan metabolic pathways, involved in the biosynthesis of NAD coenzyme from tryptophan (17) . In rat, tryptophan is mainly metabolized along the kynurenine pathway (2) . Our data showed that D3T inhibited the expression of kynureninase (Ϫ1.9-fold), the enzyme catalyzing the cleavage of L-kynurenine and L-3-hydroxykynurenine into anthranilic and 3-hydroxyanthranilic acids, respectively (1) . Therefore, D3T treatment might also have a negative effect on the NADH salvage pathway in the liver.
Antigen presentation and interferon regulatory factor-1 pathways were inhibited by D3T treatment. Activation of the immune response is an important protective mechanism. However, it may also lead to tissue damage under some conditions (19, 53) . The three main types of cells in the liver are hepatocytes, sinusoidal endothelial cells, and the bone marrow-derived Kupffer cells. Previous studies have shown that all three cell types present antigens (24) . Major histocompatibility complex class I (MHC-I) is expressed by all nucleated cells including hepatocytes, whereas MHC-II is expressed by antigen-presenting cells such as Kupffer cells and sinusoidal endothelial cells (9) . As shown in Table 2 , the antigen presentation pathway was significantly affected by D3T (P ϭ 0.000476). In the third network, at least six genes (Cd74, Canx, Hla-E, H2-Aa, Hla-DRB1, and Tap1) involved in the antigen presentation pathway were inhibited by D3T (Fig. 4) . Another gene (Psmb9) in the antigen presentation pathway was identified in the sixth network and also inhibited by D3T (Supplemental Table S2 ). The global canonical pathway of antigen presentation is shown in Fig. 5 . In summary, D3T treatment suppresses multiple genes participating in both the MHC-I-and MHC-II-associated antigen presentation pathways.
Antigen recognition can increase the retention of activated T cells, including MHC-I-activated CD8 ϩ and MHC-II-activated CD4 ϩ T cells (35, 12) . Immune-mediated liver injury occurs in a wide variety of systemic immune/inflammatory responses (45, 21, 29) . Such injury of hepatocytes is triggered by MHC-restricted recognition of specific antigenic peptides on hepatocytes, e.g., during immunopathology associated with the CD8 ϩ T cell response to hepatitis B virus antigens (6) , and during the ischemia/reperfusion-induced inflammatory response mediated by CD4 ϩ T cells (56) . Identification of new targets to suppress the overstimulated immune/inflammatory response will significantly contribute to the development of hepatoprotective treatments. The analysis of the current microarray data indicated that D3T could be a candidate for this purpose. However, because the main focus of research on dithiolethiones is currently for chemoprevention, where such drugs will be chronically administered, care should be taken in future studies to assess both beneficial and potential immunotoxic effects of D3T-induced suppression of antigen presentation.
Other evidence for immune/inflammatory suppression by D3T was derived from the inhibitory effect of D3T on Irf1-regulated genes. Irf1 functions as a transcription activator of genes induced by interferon (IFN)-␣, -␤, and -␥ (52). Although the expression level of Irf1 itself was not altered, many target genes regulated directly or indirectly by Irf1 in the third network were inhibited by D3T treatment (Fig. 4) . For example, Hrasls3 (HRAS-like suppressor-3), Cybb (cytochrome b-245, ␤-polypeptide), and Ctss (cathepsin S) (48, 13, 51) were downregulated Ϫ3.4-, Ϫ2.9-, and Ϫ1.7-fold, respectively. It is known that some activators of inflammation such as lipopolysaccharide (LPS) can induce upregulation of the MHC class I and II response in hepatocytes, which is accompanied by increased levels of IFN-␥ in plasma (20) . Moreover, the toxic effect of LPS can be inhibited by cyclosporine and a monoclonal antibody against IFN-␥ (20) by suppressing the immune/ inflammatory response. The bioinformatics analysis in the current study suggested that D3T could suppress the immune/ inflammatory response by inhibiting both MHC-I-and MHC-II-mediated antigen presentation and also the Irf1-regulated genes. As predicted, a study in our laboratory (unpublished data) demonstrated the protective effect of D3T in an LPSinduced inflammatory model. Both alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels in plasma were significantly lower after LPS injection in D3T-treated rats compared with the vehicle-treated rats (Karuri A, Huang Y, and Sutter TR, unpublished observations), indicating the hepatoprotective effects of D3T against severe inflammation.
Our study of transcriptional networks was carried out on rats, where Nrf2 knockout animals are not available. Thus we were unable to clarify whether all of our reported networks are Nrf2 dependant. However, a recent cell culture study indicates that activation of Nrf2 signaling exerts profound protective effects through anti-inflammatory mechanisms, e.g., inhibiting inducible nitric oxide synthase and blocking the formation of nitrite in LPS-treated cells. This effect is abolished in cells in which Nrf2 has been disrupted (11) .
In conclusion, our study was designed to understand the global functional profiles of D3T. We used sophisticated tools for microarray data analysis to identify novel functional classes, biological networks, and canonical pathways induced or repressed by D3T. The inhibition of cholesterol synthesis and the enhancement of cytosolic ribosome constituents are demonstrated as one of the primary responses to D3T treatment. Our pathway analysis revealed the profound effects of D3T on lipid and tryptophan metabolism. In addition, D3T treatment also repressed the immune response by inhibiting both MHC-I-and MHC-II-mediated antigen presentation pathways.
In addressing a pharmacological response, the biological representation of a set of genes is more interesting than the genes themselves. In the current study, the biological representations of genes are presented in GO classes, transcriptional networks, and canonical pathways associated with weight of significance (P values). The two approaches taken here are complementary in identifying functional profile regulated by D3T treatment and therefore can serve as a model for dissection of many other more complex pharmacological responses.
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